Purpose: We sought to determine the prevalence of trachomatous inflammation -follicular (TF) in children aged 1-9 years, and trachomatous trichiasis (TT) in those aged ≥15 years, in suspected trachoma-endemic areas of Papua New Guinea (PNG). Methods: We carried out six population-based prevalence surveys using the protocol developed as part of the Global Trachoma Mapping Project. Results: A total of 19,013 individuals were sampled for inclusion, with 15,641 (82.3%) consenting to participate. Four evaluation units had prevalences of TF in children ≥10%, above which threshold the World Health Organization (WHO) recommends mass drug administration (MDA) of azithromycin for at least three years; Western Province (South Fly/Daru) 11.2% (95% confidence interval, CI, 6.9-17.0%), Southern Highlands (East) 12.2% (95% CI 9.6-15.0%), Southern Highlands (West) 11.7% (95% CI 8.5-15.3%), and West New Britain 11.4% (95% CI 8.7-13.9%). TF prevalence was 5.0-9.9% in Madang (9.4%, 95% CI 6.1-13.0%) and National Capital District (6.0%. 95% CI 3.2-9.1%) where consideration of a single round of MDA is warranted. Cases of TT were not found outside West New Britain, in which four cases were seen, generating an estimated population-level prevalence of TT in adults of 0.10% (95% CI 0.00-0.40%) for West New Britain, below the WHO elimination threshold of 0.2% of those aged ≥15 years. Conclusion: Trachoma is a public health issue in PNG. However, other than in West New Britain, there are few data to support the idea that trachoma is a cause of blindness in PNG. Further research is needed to understand the stimulus for the active trachoma phenotype in these populations.
Introduction
Trachoma is an eye disease caused by infection with particular strains of the bacterium Chlamydia trachomatis. It is the leading infectious cause of blindness worldwide, and is found in the most isolated, rural areas of the developing world. 1 The bacterium is spread by direct close contact with infected individuals, or indirectly, by contact with fomites or with particular species of flies (Musca sorbens) that passively transfer C. trachomatis on their bodies. The early signs of infection (active trachoma) are most commonly seen in younger children, characterized by inflammatory thickening (trachomatous inflammation -intense, TI) or sub-conjunctival follicles (trachomatous inflammation -follicular, TF) in the area of the upper tarsal conjunctivae. Over many years, recurrent infections may lead to scarring of the conjunctivae (trachomatous scarring), with inward turning of the eyelashes so that they touch the globe, known as trachomatous trichiasis (TT). Persistent rubbing of these lashes can lead to opacification of the cornea, and eventual corneal blindness.
Papua New Guinea (PNG) is a tropical island nation located in the Western Pacific, directly north of Australia. The country has 7.4 million inhabitants in four major regions (Highlands, New Guinea Islands, Momase/Northern, Southern) made up of 22 provinces, and a total of 87 administrative districts ( Figure 1 ). 6 Communities are widely scattered and access to services is often difficult, as >80% of the country's population lives in rural areas, only 3% of the roads are paved, and many villages can only be reached on foot or by air. 7 PNG has high rates of visual impairment (29%) and blindness (3.9-8.9%) in older adults; the most recent epidemiological study conducted in urban and rural populations of PNG's capital (Port Moresby) established that uncorrected refractive error and cataract were the two most common causes of visual impairment in people aged 50 years and older. 8, 9 PNG has historically been noted as being trachoma endemic, 10 however current data are sparse. A study in Madang Province published in 1982 described the results of a 2-year survey of 6153 children in 30 community schools, in which evidence of trachoma was found in 19.6% of children examined. 11 In 1972, 4.6% of children in a village on Manus Island (Manus Province) showed signs of disease. 12 A retrospective review of outpatient notes at a Madang ophthalmology clinic found only 18 patients of 30,441 seen between 1980 and 1989 to have had a presentation consistent with trachoma. 13 A survey in 1979-1980 in four selected areas (Hanuabada in National Capital District (NCD), Rigo district of Central province, Rabaul township in East New Britain province and Telefomin in Sandaun province) found very low levels (0.3%, n = 3029) of visual impairment or blindness (visual acuity <6/18) associated with trachoma, apart from in those aged 60 years and older in Rabaul and Rigo, where 3.6% and 6.1% of cases, respectively, were thought to be trachoma-related. 10 Contemporary ophthalmologists regularly report seeing signs of active trachoma in children in PNG, but rarely report TT. The exception to this is in New Britain province, where corrective trichiasis surgeries have been carried out in recent years (unpublished data, Dr Jambi Garap, Dr Apisai Kerek and Dr David Pahau). A similar pattern has been seen in other Western Pacific countries such as the Solomon Islands, Vanuatu, and Fiji, where recent surveys have found a high prevalence of TF in the children, but with little TT seen in adults (unpublished data, Mr O. Sokana; personal correspondence, Ms F. Taleo). 14 However, in neighboring Australia, trachoma is still a significant cause of blindness in remote Indigenous communities. A 2008 population-based survey found trachoma in 60% of such communities, with TT present in 1.4% of Indigenous adults examined. 15, 16 Until 2014, PNG had few or no current data to guide trachoma control policy. In response to this, the National Prevention of Blindness Committee, on behalf of the Ministry of Health, commissioned trachoma rapid assessments targeting suspected trachoma-endemic sites in six provinces across the country (Central -NCD, Rigo; Madang -Ramu; Morobe -Markham; East New Britain -Rabaul; Southern Highlands -Mendi, Nipa; WesternSouth Fly, Daru). 17 An experienced, Global Trachoma Mapping Project (GTMP) certified trachoma grader trainer (OS) and a PNG ophthalmologist (DP) examined 823 children aged 1-9 years and 600 adults aged 15 years and older in 22 sites, and found 93 cases of TF (11% of children examined). 17 In the sites in NCD, Madang, Markham, Mendi, Nipa, and South Fly, >5% of the children examined were found to have TF, and so a recommendation was made for these areas to proceed to population-based prevalence surveys in the current study. West New BritainTalasea and Kandrian-Gloucester were also included due to a recent history of trichiasis surgeries in these districts.
At the request of the National Prevention of Blindness Committee, and on behalf of the Ministry of Health, we planned to carry out seven cross-sectional trachoma prevalence surveys with the aim in each one of estimating the prevalence of TF in children aged 1-9 years, and the prevalence of TT in adults aged 15 years and older. In addition, we aimed to evaluate the association of water, sanitation and hygiene (WASH) variables with trachoma in these populations.
Materials and methods
The surveys were carried out in accordance with the methodologies developed for the GTMP, 18 with districts grouped into evaluation units (EUs) of no more than 200,000 total population. District grouping was made respecting existing provincial administrative boundaries ( Figure 2 ).
Training
We conducted 5-day training for provincial Papua New Guinean eye care workers. Prospective graders were required to pass a class examination, and a field examination against a GTMP-certified grader trainer (OS). Data recorders were required to pass a class examination, with subsequent direct observation of fieldwork practice by supervising ophthalmologists from the PNG Department of Health. Participants were three ophthalmologists and 13 ophthalmic clinicians, refractionists and community health care workers. All training was carried out in Port Moresby on 5-9 October 2015.
Ethical approval
The study protocol was approved by the Written consent (signature or finger print) was obtained from household heads. Verbal consent to examination, recorded on a custom-coded smartphone application, was considered acceptable in a setting where literacy rates were anticipated to be low. For those younger than 18 years, consent was obtained from a parent or guardian. Participants found to have active trachoma (TF and/or TI in either eye) were provided with two tubes of tetracycline eye ointment to complete a 6-week course. Participants found to have TT were referred to the nearest eye health facility for further assessment and management. Patient confidentiality was maintained at all times, and data were anonymized before analysis.
Field methods
The overall GTMP methodology is outlined elsewhere. 18 Briefly, each survey team was made up of one grader, one data recorder, and one driver or logistician. A local guide was also recruited and acted as the interpreter in most cases. The village elder (either a pastor, magistrate or a counsellor) provided permission for the survey team to enter the village, and supplied a village household census list. Every household was allocated a number, from which 30 random numbers were drawn representing the 30 households selected for examination. At each sampled household, the purpose of the survey was explained, with information provided in local languages by the local guide/ interpreter. All occupants older than 1 year of age present at the time of the survey were invited to participate. If a household was unoccupied, the most immediate neighboring house was approached. If a sampled village was inaccessible or unsuitable due to bad roads, severe weather, or migration, then the next-nearest village was sampled. Prior to commencement, where possible, public announcements were made on local radio, and written notices highlighting the dates and purpose of the survey were displayed in sampled villages. The ability to provide villages advance notice was limited in some areas of South Fly, Southern Highlands, and West New Britain, as many villages were outside the reach of telecommunication, and access required considerable lengthy travel by road, sea or river.
After informed consent was provided, graders examined the eyelid margins, and conjunctival surface of the upper eyelids under sunlight or good torch light with the aid of a 2.5× magnifying loop, and signs of trachoma were assessed using the WHO simplified trachoma grading system. 2 The presence or absence of the clinical signs TT, TF, and TI were called to the data recorder, who immediately recorded findings electronically using a smartphone application (LINKS, Task Force for Global Health, Decatur, GA, USA). Alcohol hand gel was used by the grader between patients to prevent cross-contamination. At each household, Global Positioning System coordinates were collected. Data recorders also recorded data on WASH access by direct observation at the household, and by focused interview with the household head. Full details are published elsewhere. 18 
Sample size
As described previously, 18 each survey was designed to estimate an expected 10% TF prevalence in 1-9-yearolds with an absolute precision of 3% and an estimated non-response rate of 20%. We therefore needed to sample sufficient households in each EU, such that 1222 children aged 1-9 years would be resident in them. Based on the most recent census data, 6 it was estimated that a mean of 1.51 children aged 1-9 years would reside in each household, so it was estimated that 45 children aged 1-9 years would be resident in the 30 households sampled in each village. Therefore, to achieve the target sample size of 1222 children in each EU, we estimated that 27 (1222/45 = 27.0) clusters were needed per EU.
Data analysis
Descriptive data were produced using Microsoft Excel 2010. Prevalence and risk factor analyses were produced using R 3.0.2 (2013, R Foundation for Statistical Computing, Vienna, Austria). The village was considered the cluster unit for the purposes of analysis. TF prevalence in children aged 1-9 years was adjusted for age in 1-year age-bands using the latest available census data. 6 TT prevalence in those aged ≥15 years was adjusted for age and sex in 5-year age-bands. Confidence intervals (CIs) were generated by bootstrapping adjusted mean cluster-level outcome proportions, and taking the 2.5th and 97.5th centiles of 10,000 resampled iterations. Exact binomial CIs were used to produce an upper confidence limit for zero-count prevalence estimates. A multi-level mixed random effects model was used to assess the independent association of determinant factors, accounting for the clustered survey design at both village and household level, where possible. Factors were considered for the full model if statistically significant on univariate analysis (Wald's test, p < 0.05), trialed with a stepwise inclusion approach and retained if statistically significant (p < 0.05, likelihood ratio test). Sex was included in the final model due to a priori assumptions.
Results
Six teams surveyed six EUs covering 162 villages over 13 districts from October to December 2015. The seventh planned EU, covering Markham, Nawae and Huon districts in Morobe Province, could not be completed in the required timeframe as a result of insecurity following an outbreak of inter-tribal violence. As a result, data from this EU are not available here.
Interviews were conducted with the household heads of 4180 sampled households, and 19,013 individuals were sampled from these households, including 6555 children aged 1-9 years. Overall, 15,641 people (82.3% of residents living in the sampled households) were present and consented to examination. The median age of those examined was 15 years (range 1-97 years). Overall, 3174 household residents (16.6%) were absent at the time of the survey, and 194 (1.0%) were present but did not consent to examination. Of the 194 participants who did not consent to examination, 102 (52.3%), were from the Southern Highlands (East) EU. The breakdown of these findings by EU is shown in Table 1 .
Overall, there were almost equal proportions of males (49.5%) and females (50.5%) sampled. In those aged 15 years and older, 59.4% of those examined were female, and in those aged 1-9 years, 46.7% of those examined were female ( Table 2) .
Adjusted TF prevalences in children aged 1-9 years for each EU are shown in Table 3 . Four EUs had TF prevalences higher than 10%; Western Province (South Fly/ Daru) 11.2% (95% CI 6.9-17.0%), Southern Highlands (East) 12.2% (95% CI 9.6-15.0%), Southern Highlands (West) 11.7% (95% CI 8.5-15.3%) and West New Britain 11.4% (95% CI 8.7-13.9%). The remaining two EUs had TF prevalences <10%; Madang 9.4% (95% CI 6.1-13.0%) and NCD 6.0% (95% CI 3.2-9.1%).
Four cases of TT were identified across all surveys; one male aged 60 years, and three females aged 53, 54 and 70 years. All TT cases identified were found in West New Britain. The details of numbers examined by EU, and overall adjusted TT prevalences in those aged 15 years and older, are shown in Table 3 .
WASH indicators
Of participating households in the EU in NCD (PNG's capital city), 99.9% of households used improved drinking water sources (water that is likely to be protected from outside contamination), and 75.6% had improved sanitation (a facility that hygienically separates human excreta from human contact). 19 In contrast, the surveys of two EUs in the Southern Highlands, West (Nipa/Kutubu, Kagua/Erave districts), and East (Mendi-Munihu, Imbonggu, and Ialibu/Pangia districts) revealed low prevalences of improved sanitation in households in the Southern Highlands; 1.1% (95% CI 0.4-1.6%) and 0.0% (95% CI 0.0-1.0%), respectively. Table 4 summarizes key indicators on WASH variables assessed for each EU.
Risk factors
The univariable and multivariable analyses for associations of TF in children aged 1-9 years ( Table 5 ), showed that the odds of having TF was strongly and independently associated with younger age. Children aged 1-5 years had significantly greater odds of having TF than did those aged 6-9 years (odds ratio, OR, 1.6, p < 0.0001). Other associations were household use of an unimproved washing water source (OR 2.0, p < 0.0001), and household use of an unimproved latrine (OR 1.5, p = 0.03).
Discussion
Trachoma remains endemic in PNG, with TF prevalences ranging from 6.0 to 12.2% in the six EUs surveyed in the work described here. All six EUs surveyed are eligible for implementation of the A, F and E components of the SAFE strategy, with the four EUs that had TF>10% (Western Province -South Fly/Daru, Southern Highlands -West, Southern HighlandsEast, and West New Britain) requiring three mass drug administration (MDA) rounds, and the other two EUs with TF prevalence 5.0-9.9% (NCD and Madang) requiring one round of MDA before impact surveys are undertaken. Population-based TT surgery services are not required since all EUs had TT prevalences in adults below the elimination threshold of 0.2%, although directed case-finding around the identified cases would be recommended. TF prevalence was lowest in NCD (the country's administrative capital; 6.4%). This is consistent with the generally higher living standards in the capital city, with 99% of households having improved drinking water sources and 75% of households having improved sanitation. WASH access was strikingly lower in all other areas surveyed.
Active trachoma most commonly occurs in children, with the highest prevalence in children younger than 5 years. [20] [21] [22] In this study, younger children were more likely than their older peers to have active trachoma. This contrasts with findings in nearby Solomon Islands, Fiji, and Vanuatu, where older children (8-9 years) are reportedly more likely to have TF (unpublished data, Mr O. Sokana, Dr C. Macleod; personal correspondence, Ms F. Taleo). Possible reasons for, and the robustness of, this distinction are presently unclear.
The prevalence of TT was zero in five EUs. In West New Britain, four TT cases were found, giving an EUlevel TT prevalence of 0.1% in those aged 15 years and older. This is notable because this was the province in which local ophthalmologists report carrying out trichiasis surgeries in recent years. All EUs surveyed had TT prevalences in adults below the WHO 0.2% threshold for elimination. This is consistent with the prevailing belief that trachoma is endemic in PNG, but not a cause of blindness. 10, 11 Overall, our data are insufficient to make meaningful generalizations about the significance of the high TF/ low TT situation in PNG. Other Western Pacific Island countries have also reported similar findings (unpublished data, Mr O. Sokana, Dr C. Macleod; personal correspondence, Ms F. Taleo). 14, 23 Interestingly, in Aboriginal communities in nearby Australia, blindness from trachoma is still a public health issue. 16 We could hypothesize that different C. trachomatis strains from the ones associated elsewhere with trachoma could be found in the Pacific, perhaps with gene polymorphisms (such as in the matrix metalloproteinases) 24 that are important to the scarring process. It could also be hypothesized that the follicles seen in children here are related to stimuli other than C. trachomatis, such as exposure to smoke from cooking fires, 25 for example; a common occurrence in PNG. Alternatively, a PNG/ Pacific human genotype may exist that confers resistance or limits expression of trachomatous scarring, or protective geoclimatic factors may be present. 26 Of note, PNG is highly endemic for yaws, 27 a disease of skin, bone, and cartilage targeted by WHO for eradication by the year 2020. Yaws is caused by a spirochaete bacterium, Treponema pallidum pertenue, which is sensitive to a single dose of azithromycin. MDA with azithromycin can effectively treat both trachoma and yaws, 28 as well as urogenital chlamydial infections. 29, 30 This might alter the possible balance of cost and benefits towards implementation of azithromycin mass treatment.
Trachoma has been linked with low levels of sanitation 31 and we noted very low levels of sanitation in all EUs other than NCD. Less than 0.1% of households in the Southern Highlands had improved sanitation. The presence of TF in children was strongly linked to household use of an unimproved washing water source, and household use of an unimproved latrine. There is an urgent need for the improvement of sanitation across PNG generally. PNG was recently listed in a global report as having the highest proportion of people without access to safe water (60%). 32 The WASH data presented here reflect those of the WHO and United Nations Children's Fund (UNICEF) Joint Monitoring Programme for Water Supply and Sanitation, showing considerable disparities in access between urban and rural populations, and poor access overall. 19 Access to improved sanitation should decrease transmission of a range of pathogens, as well as being a basic human right. Table 5 . Multi-level random effects logistic regression of factors against the outcome trachomatous inflammation -follicular (TF) in children aged 1-9 years, Global Trachoma Mapping Project, Papua New Guinea, 2015. Half of all refusals to participate came from one EU, in Southern Highlands (West) . This was reportedly related to fears of visiting teams and a superstition that the team's smartphones introduced satanic messages. We were also later informed that false rumors had spread among community residents implying that our survey teams were in some way anti-Christian. Whether the individuals examined in this EU were truly representative of the underlying population is unclear, although those who refused only accounted for 2.7% of the total number resident in this EU. Fundamentalist Christian communities are common in PNG, and there is a growing recognition of the importance of understanding the different frameworks people use in explaining their world. 33, 34 The reluctance to participate that we encountered could conceivably recur in future survey efforts, and in any attempts to deliver community-based trachoma elimination interventions. Spending more time in dialogue with communities will be necessary to appropriately foster trust. As we were unable to collect sufficient data from one EU, no information about the prevalence of trachoma in Morobe was available. Further data will be collected when doing so becomes possible. PNG is a very challenging country in which to conduct research, as internal travel is very difficult and costly, there are high levels of violence, and very low numbers of trained health professionals. 35 Additionally, during 2015 much of PNG was affected by a severe drought, which had a major impact on water supply, and forced migration in many parts of the country. 36 In all other instances where the survey team was unable to complete data collection from a sampled village (due to villager superstition of the survey team, tribal fighting, inaccessibility due to weather or village migration due to drought), alternative villages were sampled and surveyed.
PNG possesses rich cultural diversity, with hundreds of ethnic groups, marked socio-cultural differences between and within provinces, and more than 800 indigenous languages. There is no internal road structure in the country, and communities are often isolated from their nearest neighbors. Despite this, the epidemiology of trachoma that we documented in this study appeared to be largely uniform, and supports the theory that trachoma is non-blinding here. Based on WHO guidelines, elimination of active trachoma here is recommended through MDA of azithromycin. This approach may also be beneficial in the control of other endemic conditions in PNG. Given the potential cost, and possibly marginal benefit, the decision on whether to implement costly azithromycin MDA rounds is not simple, although almost certainly necessary in West New Britain.
Trachoma is endemic in PNG but appears to not have the blinding effects seen in many other countries.
The significance of this is unclear, and more research is urgently needed to guide national and global policy makers.
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